Nitrosomonas europaea, Nitrobacter agilis, Thiobacillus denitrificans, T. neapolitanus, and T. thioparus (all obligate autotrophic bacteria) have been grown in dialysis culture, on glucose salts media, in the absence of their specific inorganic energy source. Metabolic products for N. agilis grown on nitrite salts medium were identified as keto acids. Pyruvic acid inhibited this organism at 5 x 10-5 M. Keto acids were not inhibitory for the thiobacilli grown on thiosulfate medium. However, when T. denitrificans was grown on glucose with dialysis, addition of 5 x 10-4 M pyruvate inhibited growth. Thus, it appears pyruvate may be inhibitory for other autotrophs, as has been reported for T. thiooxidans.
Obligate chemolithotrophic bacteria are characterized by their ability to grow with a specific inorganic nutrient as a source of energy, their ability to obtain all of their cell carbon from CO2, and their inability to grow on organic nutrients in the absence of adequate quantities of their inorganic energy source. There have been four explanations for the latter property. Winogradsky (24) first proposed that organic matter was toxic to them, but, clearly, certain organic materials are not toxic. Glucose, for example, can be added to cultures containing adequate specific inorganic energy sources without discernible inhibition or stimulation. It was then postulated (15) that the obligate chemolithotrophic bacteria were "the physiological examples of the submarines" in that they had walled off an external toxic environment, permitting only their specific inorganic energy sources, CO2, and a few mineral salts to enter. When radioisotope tracers became available, it was shown that this supposition was incorrect. A wide variety of organic materials was found to penetrate such cells and be utilized. For example, Thiobacillus thiooxidans in the presence of sulfur and CO2 could adsorb aspartic acid and convert it into cellular protein, other amino acids, ammonia, and CO2. However, aspartic acid could not serve as a source of energy or nitrogen, and it could not replace CO2 (2) .
Recently Smith, London, and Stanier (20) surveyed a wide variety of chemolithotrophic and photosynthetic organisms including blue-green algae and found that those incapable of growth on glucose in the absence of their specific energy source were lacking in at least two enzymes, a-ketoglutarate dehydrogenase and nicotinamide adenine dinucleotide (NADH) oxidase. Other reports have shown that not all strains lack these enzymes (3, 8, 19, 22) . But clearly it is not necessary that all chemolithotrophic bacteria should lack the same enzymes, and the absence of one or more enzymes in these cells may be critical. A fourth hypothesis maintains that obligate chemolithotrophic bacteria will indeed grow on glucose if the conditions are properly adjusted and that, whatever enzymes may be lacking this lack is not sufficient to prevent growth on glucose. The proper conditions for growth require that the medium be constantly renewed. It is supposed that glucose per se is not toxic but that, when the cells are placed on glucose in the absence of their specific energy source, toxic materials are formed from glucose, whereas if the specific energy source is present these materials are not formed in the same quantity. This hypothesis is based upon observations showing that the acid-tolerant sulfur or iron bacteria could grow on glucose, at least for several transfers (17; C. C. Remsen and D. G. Lundgren, Bacteriol. Proc., p. 33, 1963), and that, if growth was conducted under conditions PAN AND UMBREIT whereby the alleged toxic products were moved by dialysis, growth on glucose could be continued indefinitely (1) . However, all of these latter studies were done with acid-tolerant bacteria capable of using sulfur as their specific energy source, and it is possible that these organisms are the only ones which were capable of growth on glucose under dialysis conditions. It was, therefore, desirable to examine other obligate chemolithotrophic bacteria preferably differing in as many other characteristics as possible. For this purpose, we have studied Nitrosomonas europaea, Nitrobacter agilis, T. thioparus, T. neapolitanus, and T. denitrificans. All of these are obligate chemolithotrophic bacteria; all have now been grown on glucose in a flow-through culture system.
MATERIALS AND METHODS
N. europaea (Jensen) was obtained from D.
Pramer (Rutgers University) and cultivated in a medium composed of Na2HPO4, 13. (12) with bovine serum albumin (fraction V) as a standard.
Two types of dialysis apparatus were employed. The first type, which has been described by Bori- chewski and Umbreit (1), consisted of a 1-liter flask with 500 ml of inoculated media, equipped with provision for aeration and a dialysis sac through which media flowed (100 ml/hr) continuously after the fifth day. The flow of medium was controlled by the use of Technicon autoanalyzer pumps, and the entire system was run under aseptic conditions. The second type of flow-through apparatus consisted of a Bellco tissue culture Spinner flask ( Fig. 1) equipped with flange and a Technicon semipermeable membrane which was clamped between the flasks. One flask was inoculated with the pure culture of the organism to be studied, and the medium was continually replenished (100 to 150 ml/hr) in the second flask. The upper ports (A) served to add and remove media, air, etc., whereas the lower ports (B) closed with serum stoppers served as sampling ports. These flasks and connections were assembled and autoclaved as one unit before use. A 2% exponential culture inoculum was added to the dialysis flasks, and samples were taken aseptically at intervals to test for heterotrophic contaminants and growth of the autotroph.
Strict attention was paid to the purity of the cultures. Tests for heterotrophic contaminants were done by plating samples on autotrophic medium and on nutrient agar plates and also by inoculating these samples into autotrophic base plus specific nutrient, into autotrophic base plus glucose, and into nutrient broth. These inoculated plates and fluid media prepared in duplicate sets were incubated at room tem- GROWTH OF OBLIGATE AUTOTROPHIC BACTERIA perature and at 37 C for two weeks. Absence of contaminants was proved if the above tests showed no heterotrophs growing in nutrient media or in autotrophic base plus glucose. In addition, at the conclusion of experiments in which the autotrophs were grown in glucose medium with dialysis, 1-to 5-ml samples were tested for growth in nutrient broth and the specific base autotrophic media with the specific nutrient. No growth occurred for two weeks in the nutrient broth agar after incubation.
Pyruvate was determined by adding diphenylhydrazine directly to an equal volume of spent medium. This was then concentrated by removal of water in vacuo. The concentrated hydrazones were extracted with toluene (5 ml) twice to remove hydrazones of pyruvic acid and then reacted with 1 N NaOH (3 ml) to determine amount of pyruvate colorimetrically (7).
RESULTS
Nitrosomonas. Growth of N. europaea in the two types of dialysis apparatus is shown in Fig. 2 . The controls (undialyzed cultures on ammonia) reached a maximum level of 9 to 10 ,ug of protein per ml of culture. This is comparable to yields reported for N. europaea obtained from another source (5) . Cultures grown on ammonium medium with dialysis gave higher yields than controls without dialysis, 19 to 22 ,ug of protein per ml of culture (Fig. 2) . This result might be expected since continuous flow replenished ammonium ions and inorganic salts and removed metabolic products. The Bellco modified apparatus produced somewhat higher yields than the 1-liter flask apparatus. This was attributed to the greater efficiency of dialysis effected by the former. Reports have shown that addition of high concentrations of nitrite, ammonium sulfate, and other salts used in the N. europaea medium do not affect growth significantly. With a flow rate of 78 ml/hr (1.8-liter culture volume), Skinner and Walker (18) protein per ml of culture are certainly comparable for either medium. The data demonstrate that N. europaea can be grown on a glucose medium if a flow-through dialysis system is employed. These heterotrophically grown cells were not mutants selected by the flow-through system since such populations, after growth on glucose and transfer to ammonium medium, grow normally; they would not grow on glucose without flow-through dialysis and did not grow on nutrient agar or nutrient broth.
The increased growth of Nitrosomonas on ammonium medium with dialysis suggests that, in addition to replenishment of substrate, the dialysis is promoting growth by washing out toxic waste products. The toxic products formed during growth on glucose still remain to be identified. However, the product is not pyruvate as has been reported for T. thiooxidans, even though pyruvate was found at 1.8 x 108 and 1.5 x 10' M concentrations (at days 4 As shown in Fig. 3 3 . Growth of Nitrobacter agilis on autotrophic medium in a 1-liter dialysis flask with different flow rates. Flow rates: 100 ml/hr, 150 ml/hr, and 200 ml/hr. detoxification mechanism. As such, we attempted to stimulate growth by the addition of materials which might be useful in such a detoxification process, such as shikimic acid, arabinose, n-acetylglucosamine, citric acid cycle substances, etc., but in no case did we obtain a significant increase in growth. It appears that in the case of Nitrobacter the toxic agent may be pyruvate as it is in T. thiooxidans (1) . Figure 4 shows the results of two experiments (A and B) in which Nitrobacter has been grown on glucose. Not only did protein increase, but the counts of Nitrobacter cells plated on autotrophic medium with NO2-as an energy source increased at least 100-fold. No growth at all was obtained when the plating was done on the same base medium in which nitrite was replaced by glucose.
Thiobacilli. Figure 5 shows the growth on thiosulfate with and without dialysis of the three thiobacilli studied, together with the accumulation of keto acids in the medium. T. neopolitanus, in particular, did not grow in our laboratory as well as the others, and various attempts to obtain better growth were not successful. Nevertheless, as shown in Fig. 6 , it did grow on glucose as well as thiosulfate. T. denitrificans may be grown without aeration (provided NO3-is supplied), and it will also grow without aeration on glucose provided NO3-and dialysis are employed. In T. thioparus culture, pyruvate, p-hydroxyphenylpyruvate, and a-ketoglutaric acid were found, but as shown in Table 1 , 100 times higher concentrations of these acids did not inhibit growth to any large extent. T. neapolitanus did not accumulate aketoglutarate (Fig. 5) which is, at high concentration, the most toxic, and T. denitrificans was only slightly inhibited by these substances. b Growth at 6 days. Additions were at 10-I M.
that pyruvate or related keto acids are the agents limiting growth. Certainly on thiosulfate they do not limit growth. However, addition of 10-4 M pyruvate to the culture of T. denitrificans growing in dialysis culture on glucose stopped its growth immediately, whereas the same addition to the dialysis culture on thiosulfate had no significant effect (Fig. 7 ). It appears, therefore, that organic materials which limit growth when produced by or added to cells growing on their specific nutrient are possibly more inhibitory when the organisms are growing on glucose.
DISCUSSION
It appears that the obligate autotrophic bacteria are, in fact, capable of growth in the absence of their specific energy source. They are capable of obtaining energy and of building their own cells from glucose. However, they are normally unable to grow on such heterotrophic substrates because growth-inhibiting substances are produced. Presumably the reason such substances are produced is that the obligate autotrophic bacteria lack certain enzymes, not necessarily the same enzymes in all species or strains. This deficiency leads to the accumulation of certain inhibitory substances, which in turn leads to growth inhibition. Each one of these may be considered the cause of obligate autotrophy. But, in another sense, it is possible that the cause of the inhibition may lie in the particular and peculiar sensitivity to the secreted materials. After all, these substances are sometimes internal metabolites. Studies on the action of these substances have not revealed their action; experimentally it is the external organic acids that are important, not their internal levels. The "acidification of protoplasm" proposed by Rao and Berger (16) seems a little too nonspecific. But the action of the toxic materials is not known.
Two other problems would now seem to be solved. One is the survival of these organisms in soil in the presumed absence of their specific nutrient. Obviously, in soil the organic nutrient would be at low concentration, and the toxic product(s) would also be in low concentration and perhaps adsorbed to minerals. Thus, these organisms could survive (and even grow) for long periods. The other problem is that our definitions of autotrophy and heterotrophy require some refining since these organisms do grow on organic matter. Yet they are clearly not heterotrophs, at least in the sense that growth on organic material occurs only under rather unusual circumstances.
In addition to the implications of these studies toward a knowledge of autotrophic bacteria, they provide a significant instance in which the use of a dialysis culture method is not only quantitatively but qualitatively different from the use of the usual culture methods and reveal aspects of bacterial physiology which are not evident by any other culture method. Dialysis culture may not be exactly comparable to continuous culture but certainly provides an additional method which can be most revealing.
Since this paper was submitted, Matin and Rittenberg (14) reported that they have been unable to grow T. neapolitanus on glucose, which we have been able to do (Fig. 6 ) although less satisfactorily than we would like. Tabita and Lundgren (21) report growing T. ferrooxidans on glucose through a series of transfers without dialysis conditions, a result we have been unable to achieve (thus far) with the closely related T. thiooxidans. As such, it seems evident that there are still unknown factors involved in the cultivation of obligate autotrophic bacteria on heterotrophic substrates.
